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[1] Mineral aerosols can affect gas phase chemistry in the troposphere by providing
reactive sites for heterogeneous reactions. We present here a global modeling study of the
influence of mineral dust on the tropospheric photochemical cycle. This work is part of the
Mineral Dust and Tropospheric Chemistry (MINATROC) project, which focussed on
measurement campaigns, laboratory experiments, and integrative modeling. The
laboratory experiments provide uptake coefficients for chemical species on mineral
aerosol surfaces, which are used to compute the heterogeneous reaction rates in the model.
The field measurements at Mount Cimone, northern Italy, provide trace gas and aerosol
measurements during a Saharan dust episode and are used to evaluate the model. The
simulations include the reactions between mineral dust aerosols and the gas-phase species
O3, HNO3, NO3, and N2O5. Under the conditions for the year 2000 the model simulates a
decrease in global tropospheric ozone mass by about 5% due to the heterogeneous
reactions on dust aerosols. The most important heterogeneous reaction is the uptake of
HNO3 on the dust surface, whereby the direct uptake of ozone on dust is not important in
atmospheric chemistry. The comparison of the model results to observations indicates that
the model simulates well the aerosol mass transported into the Mediterranean during
the dust events and the arrival of all major dust events that were observed during a
7 month period. The decrease in ozone concentration during dust events is better simulated
by the model when the heterogeneous reactions are included. INDEX TERMS: 0305

Atmospheric Composition and Structure: Aerosols and particles (0345, 4801); 0365 Atmospheric Composition
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1. Introduction

[2] Aerosols have an important influence on gas-phase
atmospheric chemistry [Ravishankara, 1997; Jacob,
2000]. First of all, aerosols provide reactive surfaces in
the atmosphere where heterogeneous chemical reactions
can take place. For instance, Dentener and Crutzen
[1993] showed the importance of heterogeneous chemis-
try on accumulation range aerosol for ozone and the

nitrogen budget. Likewise coarse aerosols may be impor-
tant for heterogeneous chemistry. In the atmosphere the
coarsest particles, above >2.5 mm diameter, are mainly the
natural aerosols, mineral dust and sea salt. Sea salt
aerosols are predominantly present in the marine bound-
ary layer [Jaenicke, 1993], while desert dust can be
transported by individual storms from Africa across the
Atlantic to the east coast of the United States or for
example from Asia across the Pacific Ocean [Prospero,
1995; Ott et al., 1991]. Mineral dust has been found up
to a height of 8 km [Jaenicke, 1993]. The atmospheric
residence time of mineral dust depends on the meteoro-
logical conditions and on the aerosol size. For example,
large particles, with diameters of 100 mm are only found
close to the source regions whereas small particles, about
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2 mm diameter can stay in the atmosphere for several
days and travel long distances.
[3] We estimate that the area of mineral aerosol surfaces

is equivalent to up to 30% of the Earths surface above
source regions and approximately 10% over wide parts of
Africa. Furthermore the alkalinity of mineral dust favors the
uptake of gaseous species and laboratory experiments have
observed heterogeneous reactions taking place on dust
surfaces [Grassian, 2001; Hanisch and Crowley, 2001;
Goodman et al., 2000; Hanisch and Crowley, 2003a;
Underwood et al., 2001; Michel et al., 2002]. Mineral dust
is therefore a very important aerosol, providing reactive
surface in the troposphere, and a number of box, regional
and global model studies have demonstrated the relevance
of these heterogeneous reactions for atmospheric chemistry
[Zhang et al., 1994; Dentener et al., 1996; de Reus et al.,
2000; Phadnis and Carmichael, 2000; Liao et al., 2003;
Bian and Zender, 2003].
[4] Another way in which aerosols influence gas phase

chemical cycles is by absorbing and scattering of sun
light and thus influencing the photochemical reaction rates
[Dickerson et al., 1997]. He and Carmichael [1999],Martin
et al. [2003], and Liao et al. [2003] showed that the effect
on ozone is small. The inclusion of aerosols in photolysis
rate calculations accounts for less than 0.2 ppbv of monthly
mean ozone concentration [Liao et al., 2003], and Bian and
Zender [2003] showed that the impact of mineral dust on
photolysis rates leads to a global increase in predicted ozone
concentrations of about 0.2% in the annual mean.
[5] Another pathway of unknown importance of aerosols

influencing gas-phase chemistry could be when aerosols act
as long range carriers for condensed species on their
surfaces.
[6] Previous studies acknowledged reaction rates on the

aerosol surfaces as the factor of highest uncertainty in their
modeling work [Dentener et al., 1996; Liao et al., 2003].
Furthermore, there has been little experimental evidence
providing the significance of heterogeneous reactions on
dust. The approach of our work is to simulate the uptake of
reactive gases on mineral dust surfaces in a global circula-
tion model that includes schemes to simulate dust aerosols
and atmospheric chemistry. This study is embedded in the
framework of the Mineral Dust and Tropospheric Chemistry
(MINATROC) project [Balkanski et al., 2003a]. The project
combines the molecular level details, field observations and
aims to estimate the global significance of these reactions
by combining laboratory investigations, measurements and
atmospheric chemistry models. The laboratory studies pro-
vide mechanistic information on absorption and reaction of
atmospheric gases on aerosol surfaces, and the identification
of the saturating effects and product species, which are then
accounted for in the model formulation. The results of the
laboratory studies are incorporated into the atmospheric
chemistry model in order to assess the global significance.
The results of the modeling study, in turn, are compared to
gas and aerosol measurements that have been observed at
Mount Cimone, in northern Italy during an intensive field
measurement campaign.
[7] The paper starts with a brief model description

followed by the discussion of the dust simulation, in
sections 2 and 3, respectively. The uptake coefficients for
the single heterogeneous reactions are discussed in section 4.

In section 5 the model results of the baseline and the
sensitivity experiments are presented. The nitric acid cycle
is discussed in section 5.3. In section 6, the model results
are compared to observations, and final conclusions are
drawn in section 7.

2. Model Description

[8] Laboratoire de Météorologie Dynamique, ‘‘zoom’’
(LMDz) is a general circulation model (GCM) developed
initially for climate studies by Sadourny and Laval [1984].
The model has been adapted in order to simulate the
transport of trace species and is coupled to the chemistry-
aerosols model Interaction With Chemistry and Aerosols
(INCA). The present version of the model has 19 hybrid
levels from the surface to 3 hPa and a standard horizontal
resolution of 2.5 degrees in latitude and 3.75 degrees in
longitude. The large-scale advection of tracers is performed
using the finite volume transport scheme of van Leer [1977]
as described by Hourdin and Armengaud [1999]. Convec-
tive transport is simulated using the mass-flux scheme of
Tiedtke [1989]. The planetary boundary layer scheme is
based on a second-order closure approximation. The ver-
sion of the chemical scheme used in this study (version
CH4.1.0) describes the methane oxidation cycle including
19 photochemical reactions and 66 chemical reactions.
LMDz-INCA calculates the time evolution of 33 species
with a time step of 20 min. In the present version of the
model, the feedback of the chemistry on the radiation is not
taken into account. A zonally and monthly ozone climatol-
ogy is prescribed above the tropopause based on Li and
Shine [1995]. The interactive lightning NOx emission used
in the model is described by Jourdain and Hauglustaine
[2001]. A detailed description and evaluation of the model
is provided by Hauglustaine et al. [2004].
[9] Mineral dust is included in the aerosol scheme as an

interactive tracer using wind speed and precipitation to
calculate dust sources, transport and deposition. Tracers in
the aerosol module are represented in a spectral scheme
[Schulz et al., 1998] and undergo gravitational settling
[Schulz et al., 1998], turbulent and wet deposition [Guelle
et al., 1998]. The source formulation is based on the
mineralogy of Claquin et al. [1999] and is further described
by Balkanski et al. [2003b]. The uplift of dust into the
atmosphere depends on soil parameters, e.g., soil moisture,
and on surface wind speed and varies as its third power. This
nonlinear flux function is dependent on the model resolution.
To calculate equal fluxes for different model resolutions the
dust emission flux is calculated on a 1.125� � 1.125�
resolution and than interpolated at every time step to the
current model resolution. In this way, the emission flux is
comparable for all model resolutions.
[10] The model is run on its standard resolution of 96 �

72 grid points (3.75� � 2.5� degrees in longitude and
latitude) and on a higher horizontal resolution of 160 �
98 (2.25� � 1.8�). All simulations presented in this paper
are performed at the high resolution, except the sensitivity
runs discussed in section 5.2, which are run at the low
resolution. The model is integrated in a nudged mode.
The three dimensional wind field is relaxed toward the
horizontal components of the ECMWF wind using a nudg-
ing time step of 100 minutes. Sea surface temperature and
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10 m wind fields are prescribed taken from ECMWF
analysis data sets on a 6 hour time step. All simulations
are run for the conditions of the year 2000, after a spin-up
time of one year.

3. Dust Simulation

[11] The major areas of desert dust mobilization are the
Sahara and the Sahel regions, in North Africa, the Rub-al-
Khali, Kara-Kum, Kyzil-Kum and Thar deserts, stretching
from the Arabian Peninsula to India, and the Taklamakan
and Gobi desert in China. Smaller dust mobilization events
takes place in southern Australia, Namibia, Chile, Mexico
and in the western United States. The map of the simulated
annual mean dust emission flux for the year 2000 is
presented in Figure 1. Our total annual dust emission is
905 Tg yr�1. The range of source strengths found in
Literature is very wide, ranging from 200 to 5000 Tg
yr�1 [Goudie, 1983]. Recent model studies estimate yearly
emission fluxes between 800 and 1500 Tg yr�1 [Tegen and
Miller, 1998; Tegen et al., 2002; Woodward, 2001; Zender
et al., 2003; Lunt and Valdes, 2002].

[12] In this paper we investigate the influence of hetero-
geneous chemistry in different regions. The single regions
are indicated in Figure 1 and will be named by their
acronyms hereafter: North America (NAM), Europe
(EUR), North Africa and the tropical Atlantic (AFR +
TA), South Africa (SAFR), south Asia and the eastern
North Pacific (ASI + NP), and Australia (AUS). The time
series of our monthly mean dust emission fluxes (Figure 2)
shows global sources reaching maximum intensity during
the Northern Hemispheric summer. The regional contribu-
tions to this global cycle (Figure 2) indicate that the North
African (ARF + TA) dust sources dominate the global
emission sources and show maximum dust uplifts during
spring. The dust fluxes in the (ASI + NP) region shows
maximize fluxes in June and July. The other regions show
only minor contributions to the global dust flux budget.
[13] Figure 3 shows the horizontal distribution of the

annual load of mineral dust. The North African dust cloud
covers the whole North African continent, travels over the
tropical Atlantic and dust loads of about 10 mg m�2 are
found over the coast of the South American continent. High
dust loads are predicted over Pakistan, India and east China
and downwind of those regions. Altogether a band of high
dust loads (above 50 mg m�2) is formed, stretching from
30�W to 120�E in the Northern Hemisphere lower latitudes.
In the Southern Hemisphere, the South African dust source
shows a significant contribution followed by the Australian
dust. Further dust clouds are simulated in North America
and Chile.
[14] Evaluation of mineral aerosol simulations are very

difficult. Our model is best evaluated for Saharan dust.
Schulz et al. [1998] tested the dust model against satellite
retrievals in the Saharan regions and found a good agree-
ment for the simulated dust optical thickness and the aerosol
size distribution. Later in this paper, chapter 6.2 and 6.3 we
show a comparison to in situ measurements and the model
demonstrate a remarkable simulation of dust in the Medi-
terranean (see Figure 14). Compared to satellite retrievals
[Herman et al., 1997; Husar et al., 1997], POLDER (http://
smsc.cnes.fr/POLDER) and TOMS satellite maps (http://
toms.gsfc.nasa.gov) for the year 2000, we find that the
outflow of Saharan dust over the Atlantic ocean is very well
simulated, but the outflow of dust from Asia over the North
Pacific seems to be strongly underestimated by the
model. Especially the well-observed springtime maximum
[Prospero et al., 2002] is missing in our simulation. The

Figure 1. Annual mean soil dust emissions in g m�2 yr�1.
The six boxes classify the following regions: North America
(NAM), Europe (EUR), North Africa and the tropical
Atlantic (AFR + TA), South Africa (SAFR), South Asia and
the eastern North Pacific (ASI + NP), and Australia (AUS).

Figure 2. Time series of soil dust emissions Tg month�1

for the global total (black line) and the contributions from
the regions as indicated in Figure 1: AFR + TA (gray line
with diamonds), ASI + NP (gray line with circles), and
SAFR (gray line with squares).

Figure 3. Annual mean total dust load (mg m�2).
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reason for the underestimation in Asia is probably missing
dust sources in Asia in the source strength map used in the
model dust source formulation. One further explanation for
the underestimated dust uplift are too large precipitation
rates and soil moisture in the circulation model over China,
which inhibits dust uplift in our source formulation. Further
comparison to the satellite retrievals show that the high
optical thicknesses in the summer over the Indian ocean
are consistent with the high dust burden simulated by
the model, and the background concentrations of about
�0.1 mg m�2 over the oceans in higher latitudes are
reasonable simulated as well.
[15] Compared to other model simulations [Tegen and

Miller, 1998; Tegen et al., 2002; Woodward, 2001; Zender
et al., 2003] we calculate rather low dust loads. Therefore it
is not likely that we overestimate the available mineral dust
surface area in the atmosphere. However, the aerosol
surface area depends on the aerosol size distribution. Large
particles settle out very quickly and small particles can
travel large distances. The dust aerosol surface area is
shown in Figure 4. Dust surfaces of 0.1 m2 m�2 are present
over the wide Northern Hemispheric dust plume and peak
surfaces above 0.5 m2 m�2 over the dust source regions. In
the industrialized regions, dust aerosol provide reactive
surfaces of 0.005 m2 m�2 in the western United States
and up to 0.03 m2 m�2 in southern Europe. Vertically,
mineral dust is mainly present between 500 m and 5 km
altitude. Compared to the simulation by Dentener et al.
[1996] mineral dust aerosol surfaces are greater over the
tropical Atlantic and less over Australia and North America,
but the overall distributions are very similar, which facili-
tates comparison to the results obtained in that study.

4. Uptake of Gases on Mineral Dust

[16] Several atmospheric trace gases are known to react
on the surface of mineral dust aerosol. The importance of
single reactions for atmospheric chemistry depends on the
rates of these heterogeneous reactions compared to the
gas-phase loss rates. The timescales of the species spe-
cific heterogeneous reactions are described by the uptake
coefficient, g.

4.1. HNO3

[17] The reaction of nitric acid with mineral dust aerosols
has been recently addressed by several laboratory studies

[Hanisch and Crowley, 2001; Goodman et al., 2000;
Hanisch and Crowley, 2003b; Underwood et al., 2001].
This reaction irreversibly removes HNO3 from the gas
phase. Hanisch and Crowley [2001] have studied the uptake
of HNO3 on various mineral dust surfaces with a Knudsen
reactor and propose uptake coefficients in the range between
0.08 and 0.2 for a range of dust samples and recommend a
steady state gHNO3

= 0.1 to be used in atmospheric modeling
studies. No dependence of the uptake coefficient on the
CaCO3 content in the dust sample was observed Hanisch
and Crowley [2003b]. The authors did not observe gas
phase nitrogen containing products on timescales similar to
the uptake and thus confirm the assumption of an irrevers-
ible uptake. Furthermore they found the uptake to be
independent of humidity. Goodman et al. [2000] and
Underwood et al. [2001] propose a smaller uptake coeffi-
cient of gHNO3

= 2.5 ± 0.1 � 10�4 under dry conditions,
which increases in the presence of water vapor. Goodman et
al. [2000] discuss their measured gHNO3

to represent an
initial coefficient for the uptake of HNO3 on CaCO3

particles near 0% RH, representing a lower limit to the true
uptake coefficients which they assume probably to be closer
to gHNO3

= 2.5 � 10�3 or even greater. They also conclude
the uptake of HNO3 to be irreversible. In the present
modeling study we rely on the uptake coefficient of Hanisch
and Crowley [2001] (gHNO3

= 0.1) for our standard simu-
lation, which has been confirmed by measurements con-
ducted by the same group but using a aerosol flow reactor
(MINATROC, unpublished project report, 2003). However,
to take into account the range of uncertainty found in
literature we perform sensitivity studies were gHNO3

of
0.25, 0.05 and 0.001 will be tested.

4.2. O3

[18] The uptake coefficient of ozone on mineral aerosols is
much better agreed in literature. Michel et al. [2002, 2003]
measured uptake coefficients ranging between g = 1 � 10�5

and 7 � 10�6 for various mineral oxide powders. Hanisch
and Crowley [2003a] have measured the uptake of O3 on
Saharan dust and determine a steady state g = 7 � 10�6 at
tropospheric O3 concentrations (30 ppbv), with an initial
uptake coefficient g0 = 3 � 10�5. Ozone is destroyed on the
mineral aerosol surface and O2 is produced. Furthermore
they found that the aerosol surface could be completely
neutralized by the extended presence of elevated O3 con-
centrations. For this modeling study we select gO3

= 1 �
10�5 and we do not account for possible surface deactivation
processes. In the sensitivity experiments we test gO3

= 3 �
10�5 and 3 � 10�6 as upper and lower limit. Taking into
account that the uptake of ozone on mineral dust depends on
the ambient ozone concentration, the lower limit gO3

seems
to be more appropriate for global modeling.

4.3. N2O5

[19] Nighttime hydrolysis of N2O5 on several aerosol and
aqueous surfaces is a major atmospheric sink of NOx

[Dentener and Crutzen, 1993]. The uptake of N2O5 on
aerosol surfaces depends on humidity, whereby the uptake
probability increases with increasing humidity [Hu and
Abbatt, 1997]. For mineral dust an uptake coefficient
ranging between gN2

O5 = 0.02 (rH = 70%) and 0.003
(rH = 30%) is used in our model simulation based on

Figure 4. Annual mean dust surface per Earth surface
(m2 m�2).
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recommendations by J. Crowley (personal communication,
2003). These values are lower than gN2

O5 = 0.05 used in
prior model studies [e.g., de Reus et al., 2000; Dentener et
al., 1996].

4.4. NO3

[20] Not much is known about the uptake of NO3 on
mineral dust surfaces. It is assumed that particulate nitrate is
formed irreversibly by the mass transfer of NO3 on the
aerosol surface. In this study we use a low uptake coefficient
of gNO3

= 3 � 10�3. This value lies in between the measure-
ments of gNO3

on salt solutions [Thomas et al., 1998] gNO3
>

2 � 10�3, and water and different ionic solutions [Rudich et
al., 1996] gNO3

= 0.15� 6� 10�3 and was also used in prior
model simulations [de Reus et al., 2000].
[21] Although, other gaseous species can undergo hetero-

geneous reactions on the surface of mineral aerosols. The
uptake of NO2 may lead to surface products of nitrate and
nitrite on the aerosols, but the reaction is very uncertain, and
probably for global photooxidant levels this process is of
minor importance. Hydroxyl and HO2 radicals also react on
aerosol surfaces. The OH heterogeneous removal rates are
very slow compared to gas phase production and destruc-
tion rates and is therefore negligible [Bian and Zender,
2003]. Uptake of HO2 on aerosols might have an impact on
atmospheric chemistry [Saylor, 1997], but laboratory
measurements are needed to investigate this reaction. Mar-
tin et al. [2003] concluded in their modeling study, that the
uptake of HO2 by aerosols are of importance over polluted
regions, with large amounts of sulfate and organic carbon,
and over biomass burning areas, with high concentrations of
organic carbon. Grassian [2001] studied the uptake of
volatile organic compounds and found acetaldehyde, ace-
tone and propionaldehyde to be sensitive to heterogeneous
reactions on mineral dust particles. This process could be of
importance for secondary aerosol formation. Heterogeneous
reaction of SO2 on dust is potentially a very important
uptake process [Dentener et al., 1996]. This reaction path-
way is neglected in our study because we focus on the
influence of heterogeneous reactions on ozone chemistry.
[22] The following effective reaction pathways are con-

sidered in the present model study:

HNO3 gasð Þ ! NO�
3 aerosolð Þ; ð1Þ

N2O5 gasð Þ ! 2NO�
3 aerosolð Þ; ð2Þ

NO3 gasð Þ ! NO�
3 aerosolð Þ; ð3Þ

O3 gasð Þ ! 3O2: ð4Þ

4.5. Formulation of Heterogeneous Uptake in theModel

[23] In the model formulation the uptake of gases on
aerosol surfaces is described by a pseudo first-order rate
coefficient kj (s

�1) which gives the net removal rate of gas-
phase species j to an aerosol surface:

kj ¼
Z r1

r2
kd;j rð Þn rð Þdr; ð5Þ

with n(r)dr (m�3) is the number density of particles between
the aerosol radius interval r and r + dr. kd,j describes the
size-dependent mass transfer coefficient (m3 s�1) calculated
using the Fuchs and Sutugin [1970] equation:

kd;j ¼
4pDjV

1þ Kn lþ 4
1�gjð Þ
3gj

� � ; ð6Þ

where Dj is the gas-phase molecular diffusion coefficient of
a trace gas in air (m2 s�1):

Dj ¼
3

8Ad2qra

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R?Tma

2p
mq þ ma

mq

� �s
ð7Þ

[e.g., Chapman and Cowling, 1970; Davis, 1983], where A
is Avogadro’s number, ra density of air, R8 gas constant, T
is the temperature, ma, mq molecular weight of air and gas q,
dq is the diameter of the gas molecule (	4.5 _A). Further
variables used in equation (6) are, the ventilation coefficient
V (set to unity in our experiments), Kn the Knudsen number,
l is the effective free pathway of a molecule in air, and gj,
the uptake coefficients of a gas on aerosol surfaces as
determined by the laboratory studies. The values for gj that
are used in our model study are summarized in Table 1.
[24] Figure 5 shows the annual and zonal mean distribu-

tion of the reaction rate for nitric acid, kHNO3
. According

to the distribution of the dust surface area the reaction rate
has high values in the lower latitudes of the Northern
Hemisphere.

5. Model Results

5.1. Influence of the Uptake on Ozone Concentrations

[25] This section presents how ozone concentrations are
affected by the heterogeneous uptake of gases. The model
results will be discussed by comparing control simulations,
where no interaction between mineral aerosols and gas
phase species take place (hereinafter CTR), to a simulation
with heterogeneous chemistry (hereinafter HET). In the
HET simulation, the uptake of HNO3, N2O5 NO3 and O3

on dust is included using the best guess values for the
uptake coefficients as described in the previous chapter. The
CTR and the HET simulations use the high model resolution
(2.25� � 1.8�) and are run for the conditions of the year
2000.
[26] The changes in the ozone concentration fields are

discussed in Figure 6. The annual near-surface ozone
concentration field (Figure 6, upper left panel) is character-
ized by high ozone concentrations over the industrialized
regions of North America and Europe, extending to the

Table 1. Uptake Coefficients as Used for the Simulations (Best

Guess) and Sensitivity Experiments (Upper and Lower Limit)a

Best Guess Upper Limit Lower Limit Special

HNO3 0.1 0.25 0.05 0.001
NO3 0.003
N2O5 f(rH) 0.05 0.003
O3 1 � 10�5 3 � 10�5 3 � 10�6

aThe uptake coefficient of N2O5 is dependent on relative humidity and
ranges linearly between gN2

O5 = 0.02 (rH = 70%) and 0.003 (rH = 30%).

D02304 BAUER ET AL.: INFLUENCE OF MINERAL DUST ON OZONE CHEMISTRY

5 of 17

D02304



Middle East. High ozone concentrations are also found in
regions of biomass burning over Brazil and equatorial
Africa. The high ozone concentrations in the mountain
regions such as the Himalaya, Greenland and the Rocky
Mountains correspond to ozone from higher altitudes.
Heterogeneous reactions on dust reduce ozone (Figure 6,
middle left panel) with maximum reduction at surface
levels, of about 5–10 ppbv, over the North African conti-
nent, the Arabian Peninsula and the Middle East. Further-
more, a narrow band of reduced surface ozone mixing ratios
is spanning over the southern tropical Atlantic. Surface
ozone is reduced by more than 1 ppbv in the whole Northern
Hemisphere. In percentage terms (Figure 6, lower left
panel), the destruction amounts to 20% of ozone in the
tropical region and even 2–5% in regions devoid of any
significant dust amounts.
[27] At higher altitudes, at 500 hPa, ozone concentrations

are distributed more zonally with a strong gradient between
the two Hemispheres, as shown for the CTR simulation in
Figure 6, upper right panel. MaximumNorthern Hemispheric
ozone concentrations are simulated over the Middle East
and a weak ozone maximum is seen in the tropical conver-
gence region over Africa, where ozone is transported
upward by biomass burning and the tropical convective
system. Heterogeneous reactions on dust influence ozone
most strongly in the equatorial region reaching from west
Africa to India with changes of up to 10 ppbv, which
represents 10% of the ozone burden in these regions
(Figure 6, middle and lower right panel). Locally, in the
center of this region ozone is reduced by up to 20%.
[28] To better understand the changes in ozone, the

changes in the NOy concentration fields needs to be ana-
lyzed. The most significant change in a nitrogen containing
species is seen in the nitric acid concentration field. Figure 7
shows the distribution and changes of near-surface nitric
acid concentrations. Maximum nitric acid concentrations
occur close to the surface over the heavy industrialized
regions and in the tropical areas of biomass burning. Nitric
acid destruction by heterogeneous reactions on dust
removes over 50% of surface HNO3 over a wide region,
covering the tropical Atlantic, Africa and east Asia. The
changes in the concentration field (Figure 7, middle panel)
shows that about 1 ppbv of nitric acid is removed in the

biomass burning areas. In contrast, HNO3 concentrations in
industrial areas are more or less unaffected. However, the
main decreases in the near-surface ozone concentrations,
occur close and downwind of the areas of maximum HNO3

destruction. This strong impact of HNO3 removal on ozone
can be explained by the role of HNO3 as a reservoir species.
Nitric acid uptake on dust prevent it’s renoxification by
photolysis and reaction with OH. Nitrogen oxides are
mainly released in urban and regional areas and have a
too short life time to influence background ozone chemistry.
NOx reservoir species, therefore determine ozone concen-
trations in the clean atmosphere, and so, the loss of
precursor species in remote regions, through surface reac-
tions on mineral dust, has such a strong influence on the
global ozone budget.
[29] Table 2 summarizes concentration changes in per-

centage relative to the tropospheric mass of the gaseous
species. We assume the first ten model layers (which
represent approximately the 200 hPa pressure level) to
represent the troposphere in the model. Globally, the loss
of the four species under study are: HNO3 (35%), N2O5

(11%), NO3 (18%), and O3 (5%). These are the species that
are directly reacting with the aerosols. Changes to OH are
quite significant with a global decrease of 7%, and 13%
over Africa, indicating a change of oxidation capacity due
to the introduction of this additional heterogeneous reaction
pathway.
[30] The general results presented in this chapter depend

on a variety of assumptions drawn for this specific simula-
tion. The robustness of these results are tested in a set of
sensitivity experiments focussing on the uncertainty of the
single uptake coefficients, the importance of the single
heterogeneous reactions (equations (1)–(4)), and the dust
load.

5.2. Sensitivity Experiments

5.2.1. Importance of the Single Reactions
[31] In this sensitivity study the model was integrated

each time for the period of 12 months, at the lower model
resolution (3.75� � 2.5�). In each simulation only one
species was allowed to react on the surface of the mineral
dust. The results of this set of sensitivity experiments are
discussed in Figure 8 and Table 3, where the percentage loss
in ozone relative to the tropospheric mass of ozone is
shown. The black circle on the left in Figure 8 shows the
result of the previous discussed simulation (uptake of all
four gases, but now simulated on the low model resolution)
and the four following circles give the results of the four
sensitivity runs (single gas uptake only). Globally, 5.4% of
the tropospheric ozone mass is removed by reactions
between the four gases and the aerosol surfaces. (For the
global budget we retrieve the same percent changes as
calculated on the high model resolution, see Table 2). In
the sensitivity run, where only HNO3 was allowed to react
on the aerosol, a reduction of 4.4% in ozone mass was
calculated. The single uptakes of N2O5, NO3 or O3 have a
much smaller influence on the ozone concentrations, ozone
is reduced globally by 0.7, 0.4 and 0.5%, respectively.
Regionally the strongest impact is seen in the African
region, but the relative importance of the uptake of the
single species does not depend on the region. The uptake of
nitric acid clearly dominates the other heterogeneous reac-

Figure 5. Zonal and annual mean reaction rate for the
uptake of HNO3 on dust (�103 s�1).
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tions. This in turn shows that our prediction of the effect of
mineral aerosols on the ozone budget depends very much on
the quality of the simulated nitric acid concentration field.
To take that point into account we compare the nitric acid
concentrations to observations (section 6) and discuss the
simulated nitric acid budget in section 5.3.
5.2.2. Uncertainty of the Uptake Coefficients
[32] A further uncertainties when studying the influence

of heterogeneous processes on atmospheric chemistry
relates to the uptake coefficients. These coefficients were
the most uncertain factors in previous studies [Dentener et
al., 1996; de Reus et al., 2000; Liao et al., 2003]. We
therefore performed additional sensitivity studies where we
varied the uptake coefficients but only tested the single
reactions. The uptake coefficients listed as upper and lower
limits in Table 1 were used for this sensitivity test. The

corresponding results are shown in Figure 8, were the
upward triangles refer to upper limit and the downward
triangles reflect the lower limit uptake coefficients.
[33] The uptake coefficient of O3 was varied by the factor

three around the best guess value, thus gO3
between 3 �

10�5 and 3 � 10�6. This values cover the factor of
uncertainty reported by Hanisch and Crowley [2003a].
The simulation shows that the ozone concentrations are
not very sensitive to the direct uptake of ozone on dust
alone and to the variation of gO3

. When the high gO3
is used,

0.7% of tropospheric ozone mass is depleted just by the
direct uptake of ozone molecules on the aerosols. However
when gO3

lies between our ‘‘best guess’’ and the ‘‘lower
limit’’ value the impact on the global ozone mass of this
heterogeneous reaction is very small. Hanisch and Crowley
[2003a] suggest gO3

= 7 � 10�6 to be used in atmospheric

Figure 6. Annual mean ozone concentrations close to the surface, i.e., in the (top left) first model layer
and in (top right) 500 hPa height in the control simulation. The middle and bottom panels show the
differences due to heterogeneous chemistry (HET � CTR) relative to this control simulation in (middle)
units of volume mixing ratios (ppbv) and (bottom) percentage changes (100 � (HET � CTR)/CTR),
respectively, for the near-surface (left panel) and the 500 hPa (right panel) height level.
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modeling, which corresponds to a value between our ‘‘best
guess’’ and the ‘‘lower limit’’. We conclude that the direct
uptake of ozone might only be of importance in limited
areas of very high dust concentrations, but it is not impor-
tant for global atmospheric chemistry.
[34] The uptake of N2O5 on mineral dust depends on

humidity (see chap. 4). In the sensitivity test we used the
gN2

O5, given for dry and humid conditions as upper and
lower limit, respectively. The results show that when testing
the high uptake coefficient, 0.8% of the global ozone mass
is removed by the uptake of N2O5 on aerosols and when the
lower limit of gN2

O5 is tested, the reaction has no impact on
the ozone budget. When gN2

O5 is calculated as a function of
humidity it happens to be the second most important
heterogeneous reaction responsible for tropospheric ozone
destruction.
[35] The uptake of HNO3 is the most important reaction

in this study and the true range of the uptake coefficients is
still under discussion. Our study is based on the work of
Hanisch and Crowley [2001, 2003b] favoring a best guess
gHNO3

= 0.1, based upon Knudsen cell experiments on
different dust-like and real dust substrates. In the sensitivity
study the uptake coefficient for HNO3 is varied between
0.05 and 0.25. No differences in ozone loss are seen in the
results of the simulations when gHNO3

is changed. Thus the
uptake coefficient is already so high that this reaction is not
limited by the sticking probability, which means that HNO3

reacts very efficiently on the surfaces of mineral aerosols. A
further sensitivity test is performed using gHNO3

= 0.001
proposed by Goodman et al. [2000] and Underwood et al.
[2001] and used in the modeling work of Bian and Zender
[2003]. Lowering the uptake coefficient of HNO3 by two
orders of magnitude leads to half of the impact on the ozone
concentrations (see gray diamond 1 in Figure 8). We
simulated 2.2% decrease in ozone. Bian and Zender
[2003] simulate 0.9% including several heterogeneous reac-
tions. These differences can be caused by several differ-
ences in the model formulations: For example, differences
in the dust surface areas, chemistry schemes, and trace gas
concentrations, or differences in computing the heteroge-
neous removal rates. Figure 9 shows the horizontal distri-
butions of ozone and nitric acid decreases for this sensitivity
experiment, gHNO3

= 0.001, and can be compared to the
results of the baseline experiment in Figures 6 and 7. The
general pattern remain unchanged but with an reduced
amplitude. For example the strongest ozone reduction is
still seen over the tropical Atlantic but ozone is only

Figure 7. (top) Annual mean near-surface nitric acid
concentration of the CTR run in ppbv. Changes (HET �
CTR) in near-surface nitric acid concentration in (middle)
ppbv and (bottom) percentage.

Table 2. Percentage Difference in Species Concentrations (HET-CRT) in the Troposphere (Model Layer 1–10) Due

to the Uptake of All Gases on the Dust Surface

�O3 �HNO3 �NO2 �N2O5 �NO3 �OH

Global �5.4 �35.3 �1.4 �10.6 �17.7 �6.6
Northern Hemisphere �6.8 �38.0 �1.1 �12.9 �22.9 �8.2
Southern Hemisphere �3.5 �25.5 �2.5 �5.3 �7.2 �4.4
Africa + TP �12.2 �66.9 �9.4 �22.9 �29.8 �12.9
Asia + NP �7.6 �48.5 �3.0 �19.7 �25.9 �8.5
Australia �3.1 �26.5 �1.8 �4.8 �5.8 �3.4
Europe �3.5 �15.5 +2.2 �2.1 �2.9 �2.3
North America �4.4 �11.8 +1.6 �3.6 �4.3 �3.8
South Africa �4.3 �41.2 �3.7 �10.2 �13.7 �5.0
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reduced by 10% in its maximum instead of 25% as
simulated in the baseline experiment.
[36] The overall result of these sensitivity tests is that the

quality of the HNO3 concentration field and the chosen
uptake coefficient for HNO3 is of great importance, because
of the very strong impact of the heterogeneous removal of
nitric acid on the ozone budget. The modeled nitric acid
concentrations will be further discussed in chapter 5.3 and
compared to observations in chapter 6.
5.2.3. Impact of Different Dust Loads
[37] This paper focuses on the year 2000. All conclusions

are drawn following the conditions and the simulated dust
load of that year, 905 Tg yr�1. To study the sensitivity of
our findings depending on the dust load we performed three
additional experiments where the threshold velocity in the
dust source formulation was modified leading to dust loads
of 300, 680 and 1200 Tg yr�1. The impact on the tropo-
spheric ozone concentrations increases with increasing dust
loads (Figure 10). The increase is linear up to the dust load
of the year 2000, e.g., 905 Tg yr�1. Further increase of dust
aerosol loading then lead only to a smaller increase of the
effect on tropospheric ozone. This experiment can be
interpreted as the possible year to year variability in the
investigated effect, that we can expect when the model
would be integrated for a longer time period.

5.3. Nitric Acid

[38] The following reactions are included in the LMDz-
INCA model for the representation of the nitric acid cycle.

Nitric acid is produced by the reaction of NO2 and OH,
reactions with NO3 and by hydrolysis of N2O5 on aerosol
surfaces:

NO2 þ OHþM ! HNO3 þM; ð8Þ

NO3 þ HO2 ! 0:4HNO3 þ 0:6OHþ 0:6NO2; ð9Þ

CH3Oþ NO3 ! COþ HO2 þ HNO3 ð10Þ

and the heterogeneous reactions:

N2O5 ! 2HNO3; ð11Þ

NO3 ! HNO3 þ OH; ð12Þ

NO2 ! 0:5HNO3 þ 0:5HNO2: ð13Þ

Nitric acid is renoxified by the following reactions:

HNO3 þ OH ! H2Oþ NO3 ð14Þ

HNO3 þ hn ! OHþ NO2 ð15Þ

and is removed by dry and wet deposition and deposition on
mineral aerosol surfaces.
[39] The simulated annual budget of nitric acid is pre-

sented in Table 4. The budgets are given for the CTR and
the HET simulation. The most important source of HNO3 is
NO2, followed by the hydrolysis of N2O5. NO3 provides
only a very small source for HNO3. The annual HNO3

production decreases on average by about 10% in the HET
compared to the CTR simulation. Dry and wet deposition
are the dominant sinks for HNO3 and are of comparable
importance. The uptake on dust aerosols is the third most
important process. Comparing the total annual burden of
nitric acid in the two simulations, HNO3 is reduced by 35%
from 3.2 to 2.1 Tg yr�1.
[40] In our model simulation nonmethane hydrocarbon

chemistry (NMHC) is neglected, including the formation of
PAN and other organic nitrates. These simplifications can
impact the results presented in this paper, because it is
known that NMHC have an impact on the NOx content in
the atmosphere. Houweling et al. [1998] summarized from

Figure 8. Percentage changes in ozone mass (CTR �
HET). Black circles show the results when using the best
guess uptake coefficient, and the gray triangles show the
results when testing the upper (upward triangle) and lower
(downward triangle) limits of the coefficients (see Table 1).
The gray diamond shows the result for gHNO3

= 0.001.

Table 3. Percentage Difference in Ozone Concentrations Due to the Uptake of All Gases on the Dust Surface and the

Uptake of the Single Gases HNO3, O3, N2O5, and NO3, Respectively

All HNO3 O3 N2O5 NO3

Global �5.4 �4.4 �0.5 �0.7 �0.4
Northern Hemisphere �6.8 �5.2 �0.9 �1.1 �0.7
Southern Hemisphere �3.5 �3.2 �0.1 �0.1 �0.1
Africa + TP �12.2 �9.0 �1.6 �1.3 �0.7
Asia + NP �7.6 �5.6 �1.1 �1.1 �0.4
Australia �3.1 �2.9 0.0 �0.1 0.0
Europe �3.5 �2.9 �0.3 �0.5 �0.8
North America �4.4 �3.8 �0.3 �0.6 �0.4
South Africa �4.3 �3.7 �0.2 0.0 0.1
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there global modeling work, that NMHCs are important
over polluted regions and that PAN production reduces the
available NOx concentrations, which in term will lead to
reduced HNO3 concentrations. Jacob et al. [1996] analyzed
aircraft measurements over the South Atlantic and concluded
that PAN thermolysis is the most important pathway of
NOx production in the lower troposphere at that specific
location.
[41] The coupled aerosol-chemistry simulations presented

in this paper are limited to the CH4 chemistry scheme, but to
estimate the effect that might be caused by higher chemistry
on our experiment we performed a simple experiment with
the Chemical Transport Model TM3, including NMHC
chemistry (the same model was used in the above men-
tioned study by Houweling et al. [1998]). An ordinary
NMHC chemistry run will be compared to an experiment
where the thermal decomposition of PAN is neglected.
Figure 11 shows the differences of those two experiments
for the month of July, where the influence of PAN chemistry
on HNO3 concentrations is strongest. Neglecting PAN leads
to an increase of HNO3 in the high NOx regions and to an
decrease of up to 25% over the oceans. In the most
prominent dust regions, for example North Africa and the
Atlantic ocean, HNO3 decreases by about 10%. We per-
formed a series of box model studies (at the boxes indicated
in Figure 11, at 4 km height) using a CH4 chemistry versus a

NMHC chemistry scheme including and excluding hetero-
geneous reactions on dust surfaces. At all three locations the
simulated ozone amounts barely differ (less than 0.3%)
when using the different chemistry schemes. The heteroge-
neous reaction rates are so fast in the presence of dust, that
HNO3 is removed very efficiently. This result is not affected
by the complexity of the chemistry scheme. However, the
box model simulation was representative of atmospheric
conditions at 4 km height, and so this does not preclude a
greater impact of PAN chemistry at higher altitudes. Fur-
thermore, in the real atmosphere mixing process play a very
important role, and these are not taken into account in a box
model simulation. Nevertheless, a more complex gas-phase
chemistry scheme might decrease the effect of heteroge-
neous dust reactions on ozone chemistry on the global scale.
[42] Furthermore, we neglect possible removal pathways

on other aerosol surfaces. For example, sea salt aerosols
react with HNO3 in the marine boundary layer [Guimbaud
et al., 2002] or for instant, nitric acid can be deposited on
ice [Liao et al., 2003]. Also, the heterogeneous reaction of
ammonia and nitric acid forming ammonium nitrate can
have an important impact on the nitrogen budget.

6. Comparison to Observations

[43] The modeling work so far presented in this paper
lined out the special importance of the simulated HNO3

concentration fields. Therefore some comparison to obser-
vations are presented, before the influence of mineral dust
on ozone during the MINATROC experiment is discussed.

6.1. Comparison to HNO3 Observations

[44] Africa is one of the most important regions to study
heterogeneous reactions on dust surfaces. The Deposition of
Biogeochemically Important Trace Species (DEBITS) pro-
gram [Lacaux and Artaxo, 2003] has established measure-
ment stations in Africa. Nitric acid measurements are
published by Galy-Lacaux et al. [2001] for the station in
Banizoumbou (13.33�N, 2.41�E) located in the Sahelian
region of Niger. The region has a dry climate from Novem-
ber to May and a wet season from June to October [Galy-
Lacaux et al., 2001]. HNO3 was measured as monthly
integrated samples using passive sampling techniques. We
compare the monthly mean measurements to the two model
simulations (see Figure 12), but note that the measurements

Figure 9. Difference in (top) annual mean ozone and
(bottom) nitric acid concentration close to the surface due to
heterogeneous chemistry relative to the control simulation
in percentage changes (100 � (HET � CTR)/CTR). The
HET experiment considers the uptake of HNO3 only, with
gHNO3

= 0.001.

Figure 10. Annual mean changes in ozone mass in
percentage for different dust loads.
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are taken in 1999 and the model is run under the meteoro-
logical conditions of the year 2000. Compared to the
observation, the CTR simulation of HNO3 is highly over-
estimated. The simulation including the heterogeneous dust
reactions, the HET simulation, compares remarkably well to
the observations during the seven months of the dry season,
which in turn is also the season of frequent dust storms.
Heterogeneous chemistry between dust aerosols and nitric
acid mainly take place in the dry season. Therefore the two
model simulations, HET and CTR, differ mostly during the
dry season (see Figure 12). Only during the wet season, from
June to October, nitric acid concentrations are still too high in
the model. This result is a strong indication that the hetero-
geneous uptake of nitric acid is well simulated in the model,
but that the rain-out processes during the wet season may not
be, in this case, efficient enough. (The wet deposition
routines of LMDz-INCA are evaluated by Hauglustaine et
al. [2004].) Nitric acid is highly soluble and thus very
efficiently removed in the wet atmosphere. However, this is
only a comparison with one measurement station, and so care
must be taken in drawing conclusions.
[45] Figure 13 presents a comparison of HNO3 profiles to

several campaign measurements. Even though these cam-
paigns have been carried out during different years, the

comparison shows clearly that the general overprediction of
HNO3 in models is also present in the CTR simulation. The
HET simulation shows significant improvement at nearly all
GTE stations, especially in the free troposphere. Neverthe-
less, HNO3 still tends to be overestimated. This comparison
could be also affected by the large uncertainties linked with
nitric acid measurements [see, e.g., Hanke et al., 2003].

6.2. MINATROC Experiment

[46] A suitable location to study the heterogeneous de-
pletion of gaseous species in the presence of mineral dust is
the Mount Cimone research station. The station experiences
several large dust episodes each year and most episodes
occur during summer. The station is situated in the Medi-
terranean region in northern Italy south of the Alps and the
Po valley and north to the Mediterranean Sea at 44�120N
and 10�220E. Owing to it’s altitude, 2165 m above sea level
(asl), air sampled at Mount Cimone represents free tropo-
spheric air masses reflecting European continental back-
ground conditions. This measurement site is located at
about 1600 km from the Saharan desert. The measurement
campaign MINATROC took place during 5 weeks in June
and July 2000, at Mount Cimone. Subsequently to this
extensive field campaign observations of ozone concentra-
tion and PM10 particle size and mass distribution were
carried on until December 2000 by P. Bonasoni et al.
(Aerosol and ozone correlation during the dust transport
episodes of the summer autumn 2000 period, submitted to
Atmospheric Chemistry and Physics, 2003, hereinafter re-
ferred to as Bonasoni et al., submitted manuscript, 2003).
The long-term measurements of coarse aerosol particles, in
the size bin of 1–2 mm diameter, is shown in Figure 14.
Several dust events can be seen in this time series. During
the MINATROC field campaign airborne Saharan dust
reached Mount Cimone at the beginning of July. During
this event the volume concentration in the measured size bin
between 1–2 mm was 3 mm3 cm�3. Stronger dust events
were observed during August to October, with maximum
volume concentrations exceeding 5 mm3 cm�3. Ten trajec-
tory analysis by Bonasoni et al. (submitted manuscript,
2003) showed that all the measured peaks in coarse aerosol
concentrations originate from North Africa. Figure 14
compares the observed aerosol concentrations to the model
results. Generally there is a good agreement between the
observed most prominent dust events and the model simu-
lation, indicating that the model captures dust uplift in the

Table 4. Annual Mean HNO3 Budget
a

CTR HET

Production
NO2 (equation (8)) 161 142
NO3 (equations (9), (10), (12)) 1.8 1.6
N2O5 (equation (11)) 83 78
Total 246 222

Loss
Dry deposition 91 68
Wet deposition 103 78
Loss on dust 44
Oxidation (equation (14)) 30 18
Photolysis (equation (15)) 18 11
Total 242 219
Burden, Tg 3.2 2.1

aUnits are in Tg (HNO3) yr�1. CTR, control simulations, where no
interaction between mineral aerosols and gas phase species take place;
HET, simulation with heterogeneous chemistry.

Figure 11. Percentage difference in HNO3 concentrations
between model runs including and excluding thermal
decomposition of PAN (%). The three boxes represent the
locations for which box model simulations are performed.

Figure 12. Time series of monthly mean nitric acid
mixing ratios (mg m�3) at Banizoumbou in Niger, Africa.
Measurements by Galy-Lacaux et al. [2001] are marked
with black circles; the triangles show results of the CTR
simulation, and the squares show results of the HET
simulation.
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Figure 13. Comparison of observed and simulated (CTR and HET) HNO3 profiles at the indicated
locations. The coordinates for each profile are given by Emmons et al. [2000]. The model results are
averaged over the given regions and during the duration of the campaigns. Symbols show the
observations and the standard deviations. Solid and dotted lines show modeled mean values and standard
deviations, respectively.
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Saharan desert and transport to the Mediterranean region.
Furthermore the simulated aerosol volume concentration is
comparable to observations.
[47] Intensive measurements were carried out between 1

June and 5 July 2000. Aerosols were observed by means of
particle sizing instruments, differential mobility analyzer
and optical particle counter [Putaud et al., 2003], LIDAR
systems [Gobbi et al., 2003], and impactor measurements.
In addition atmospheric trace gases were measured by
Hanke et al. [2003], Bonasoni et al. (submitted manuscript,
2003), Fischer et al. [2002], and other groups participating
in the MINATROC campaign [Balkanski et al., 2003a].
[48] During the first weeks of the field campaign no high

concentrations of coarse dust particles were measured. The
situation changed at the beginning of July. During 3 and
4 July, enhanced coarse aerosol concentrations were
observed at the elevation of the station (2165 m asl) [Putaud
et al., 2003], and the LIDAR system [Gobbi et al., 2003]
observed enhanced aerosol concentrations up to 6 km
height. TOMS and SEAWIFS satellite images document
that those particles were uplifted in Algeria at 30 June,
during a Saharan dust storm and then transported northward
over the Mediterranean Sea. After 2–3 days of transport the
dust cloud reached Mount Cimone.
[49] This episode is shown in Figure 15. The first panel

compares measured and modeled aerosol volume concen-
trations. The measurements clearly show the low coarse
aerosol concentrations before the dust event and the passage
of the dust cloud between 2 and 3 July. The analysis of the
aerosol chemical composition by Putaud et al. [2003]
showed that the largest contribution of nitrate was observed
in air masses originating from western Europe, whereas the
most dominant submicron aerosol mass was made of
carbonaceous components in air masses originating from
eastern Europe. During the Saharan dust outbreak, Saharan
dust and anthropogenic particles seemed to be externally
mixed. The measurements show a displacement of NO3

�

toward the aerosol supermicron fraction in presence of dust
coarse particles and suggest a significant interaction of
HNO3 with dust particles [Putaud et al., 2003].
[50] The model simulates enhanced aerosol concentrations

during the observed dust event (Figure 15), but unfortunately
calculates as well enhanced dust concentrations directly
before that event. Around 27 June, the model predicts again

a small dust event which was not seen by the ground
observations, but was observed in higher layers by the
LIDAR measurements [see Gobbi et al., 2003, Figure 1].
Even though the simulated aerosol concentrations do not
always agree in an absolute sense with to measurements the

Figure 14. Time series of aerosol volume concentrations (size bin 1–2 mm diameter) at Mount Cimone
in mm3 cm�3. (top) Observations by Bonasoni et al. (submitted manuscript, 2003). (bottom) Model
results.

Figure 15. (top) Time series of aerosol volume concentra-
tions (size bin 1–2 mm) at Mount Cimone in mm3 cm�3. The
black line shows observations (Bonasoni et al., submitted
manuscript, 2003), and the gray line shows model results.
(bottom) Time series of ozone, HNO3, and NOx concentra-
tions in ppbv (observed by Bonasoni et al. (submitted
manuscript, 2003), Hanke et al. [2003], and Fischer et al.
[2002], respectively). The black line is observations, the
dark gray line is the model CTR simulation, and the light
gray line is the HET simulation.
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simulated concentration, range of 0–3 mm3 cm�3, agrees
well.
[51] The episode shown in Figure 15, 21 June to 6 July,

was influenced during the first days until 23 June, by east
European air masses. In the following days the air masses
came from western Europe. Polluted air reached the mea-
surement site at the end of June. This event can clearly be
seen in the NOx measurement time series, taken by Fischer
et al. [2002]. The observations end on 30 June. Both model
runs, HET and CTR, don’t show large difference in their
NOx simulation, and simulate well the measured concen-
trations and the arrival of the polluted air masses from
western Europe. This pollution event is also clearly visible
in the nitric acid measurement [Hanke et al., 2003]. HNO3

concentrations are lower, between 0.2 to 1.2 ppbv and
increase to 2 ppbv, before the pollution event. Around
2 July, before the dust event, about 1 ppbv of nitric acid is
measured. During the dust event, HNO3 is strongly reduced
and very low concentrations, even below the detection limit,
are measured. The CTR simulation clearly overestimates
HNO3 by a factor of 5 during this event. HNO3 increases
until the end of June, followed by a strong decrease at the
beginning of July due to the change in wind direction and
the transport of clean Mediterranean air to Mount Cimone.
The HET simulation shows much lower nitric acid mixing
ratios during the dust event, which is too early in the model.
During the dust event the measured and simulated HNO3

nearly vanish completely, and after the dust cloud has
passed the measurement site HNO3 increases immediately.
Both simulated time series show much too high HNO3

concentrations between 24 and 26 June, too high aerosol
concentrations were simulated during the air pollution
event, and directly before the dust event. These discrep-
ancies make a comparison difficult. Nevertheless we can
conclude that HNO3 is highly overestimated in the CTR
simulation and the HET run is agreeing better with obser-
vations. If we consider dust to be present at higher altitudes
already on 27 June [see Gobbi et al., 2003] the loss of nitric
acid, due to the interaction with dust, might have been
visible at higher altitudes.
[52] The ozone measurements (Figure 15, second panel)

show high temporal variability, with influence of daily
photochemical mixing overlay by large-scale transport pro-
cesses. Until 24 June east European air transported ozone
concentrations up to 70 ppbv to Mount Cimone. The low
concentrations at 25 and 26 June are related to the arrival of
Mediterranean air. The highest pollution levels are observed
for air masses spending most of their time in the continental
boundary layer over NW Europe and arriving at the mea-
surement side between 27 and 30 June 27. The changing
wind direction that lead to the transport of clean North
African air is clearly visible in the ozone measurements.
Ozone decreases by about 20 ppbv and increases immedi-
ately after the dust event. Both simulated time series show
the rough temporal evolution during this episode. In the
absence of dust, both simulated curves stay close together.
During the dust event the model shows in good comparison
to the observations a reduced diurnal cycle. The decrease in
ozone concentrations during the dust event simulated in the
CTR simulation reflects the part in ozone decrease that is
related only to transport, because ozone poor air from Africa
reaches the measurement side. By contrast, the difference

between the HET and the CTR simulation reflect the loss of
ozone associated to heterogeneous reactions on the dust
aerosols. Following the model results 80% of ozone reduc-
tion during this event can be explained by transport and
20% by heterogeneous chemical reactions.

6.3. Continued Observations at Mount Cimone

[53] The dust event which was observed during the
MINATROC campaign at Mount Cimone was carrying
about 3 mm3 cm�3 aerosol volume concentration in the size
bin between 1 and 2 mm at it’s maximum intensity, and
therefore was monitoring a rather weak dust outbreak. The
continued aerosol and ozone measurements by Bonasoni et
al. (submitted manuscript, 2003) covered several stronger
dust events. Three of those episodes in August, September,
and October, respectively are presented in Figure 16.
[54] The dates of the subsequent dust events were per-

fectly matched by the model. The first dust event in August
is associated with a strong decrease in observed ozone
concentrations, of about 35 ppbv. In this case the model
simulates that 60% of this decrease is related to transport
and 40% to heterogeneous removal processes. At the time
of the second event in August no clear signal can be seen in
the ozone measurements. In August and the subsequent
month the ozone concentration from the two model simu-
lations, CTR and HET, diverge more and more in time,
showing the large-scale effect of the heterogeneous chem-
istry on the background ozone concentration field. Never-
theless the largest differences between the two simulations
are still simulated during the dust events. In September and
October the simulated dust concentrations compare very
well to the measurements. The dust event in October is
coincident again with reduced ozone mixing ratios, but in
this case the HET simulation underestimates measured
ozone concentrations. Table 5 shows the statistical perfor-
mance of the CTR and the HET simulation of the ozone
time series compared to observations on a daily mean basis.
The statistical analysis shows that the RMS decreases and
the index of agreement increases in the HET simulation,
indicating that the simulated ozone concentrations slightly
improve in the HET simulation.

7. Summary and Discussion

[55] A global general circulation model, coupled online to
atmospheric chemistry and mineral aerosol modules, has
been applied to study the impact of heterogeneous chemical
reactions at the surface of mineral aerosol on global ozone
chemistry. The model simulates Saharan dust well, but
probably underestimates dust over eastern Asia and the
northern Pacific. Therefore we assume that our estimate
gives a lower limit of the heterogeneous loss of ozone
precursors in those regions.
[56] We find a global annual mean decrease in tropo-

spheric ozone concentrations of 5% due to heterogeneous
chemical reactions. The largest impact is seen over Africa
and the equatorial Atlantic where 20% of ozone is lost by
reactions on the dust aerosols. The most important reaction
pathway for this significant ozone loss is the uptake of
gaseous nitric acid on dust aerosols. 35% of nitric acid is
removed due to the heterogeneous reactions from the
troposphere, leading to a significant loss in the nitrogen
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reservoir of the remote atmosphere, and thus reducing ozone
production in the clean background atmosphere.
[57] We tested the influence of the uptake process of

single chemical species on the global ozone budget and
found, that HNO3 is the most important species in this

content. The uptake of just N2O5 or NO3 has a much smaller
impact on ozone, less than 1% of tropospheric ozone mass
is destroyed via the aerosol uptake of either N2O5 or NO3.
The direct uptake of ozone molecules has only a very small
impact on the ozone budget. This reaction is only of
importance during a dust storm, i.e., in small regions and
for limited time periods, and therefore, it appears not to be
significant for global modeling.
[58] A major concern in modeling heterogeneous chem-

ical reaction is the uncertainty of the uptake coefficients.
This study, in which we tested the range of uncertainty for
uptake coefficients of HNO3, N2O5 and O3, showed that the
change in global ozone concentration is rather insensitive to
these variations, except when the uptake coefficient for
HNO3 is varied by two orders of magnitude, which reflects
the difference in the findings of two different laboratory
groups. The model results depend strongly on the amount of
simulated nitric acid concentration. Typically atmospheric
models tend to overestimate nitric acid [Thakur et al.,
1999]. Because of its high solubility and uptake probability,
nitric acid is highly linked to aerosol chemistry. Models that
only include gas-phase chemistry neglect several important
loss processes for nitric acid. Our model does not include all
pathways of nitrate aerosol formation, and therefore we
might still overestimate HNO3. Globally, few measurement
stations monitor HNO3. We compared our simulations to
HNO3 measurements in Central Africa where dust impact
should be large and to GTE profiles and we found an
astonishing good agreement with the observations when
heterogeneous reactions are included in the simulation.
[59] The MINATROC campaign at Mount Cimone pro-

vided a detailed set of aerosol size and chemical composi-
tion measurements as well as measurements of gas-phase
species. The dust event observed during that field campaign
was a significant, but not a huge event, so the interpretation
of the observations are quite difficult. Furthermore, the
measurement station is located in northern Italy, and thus
is very close to one of the most polluted regions in the
world.
[60] The chemical mechanism used in our model neglects

nonmethane hydrocarbon chemistry and therefore might be
too simple to simulate the complex chemistry taking place
in highly polluted air masses. Nevertheless, the simulated
ozone concentrations resemble the main characteristics of
the measurements. We calculate that 80% of the ozone
decrease during the dust event can be explained by the
transport of non polluted air masses to the station, and that
20% of the ozone loss is caused by heterogeneous reactions
in the dust cloud. A stronger dust event was monitored two
months later, in August 2000. In this case, the model
calculated 60% of ozone loss due to the transport and
40% caused by the dust aerosols.

Figure 16. Time series (for August, September, and
October 2000) of aerosol volume concentrations (size bin
1–2 mm) and ozone concentrations in ppbv at Mount
Cimone in mm3 cm�3. The black line is observations
(Bonasoni et al., submitted manuscript, 2003), the dark gray
line is the model CTR simulation, and the light gray line is
the HET simulation.

Table 5. Statistics of Ozone Time Series for the Time Period June–December 2000a

Sampling n Mean d b a RMS r2 d

Observations 170 50.3 12.3
CTR daily mean data 170 50.7 10.2 0.6 20.4 4.4 0.91 0.92
HET daily mean data 170 50.4 12.0 0.8 15.1 3.8 0.98 0.98

aThe terms n, b, r2, and d are dimensionless, while the remaining terms have units of ppbv. n, number of measurements or model
data included in the analysis; d, the standard deviations; b, slope of the least squares linear regression; a, the intercept; d, the index of
agreement [after Willmott, 1981].
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[61] In summary, because of the general good agreement
with observations we conclude that there may be quite a big
influence of mineral dust aerosol on atmospheric chemistry.
Also it is a very efficient pathway to irreversibly remove
HNO3 from the atmosphere. Our results could probably be
interpreted as being in the upper range of its possible
impact. However, we might have neglected some other
important uptake mechanisms, such as surface reactions of
HO2 and we certainly underestimated the heterogeneous
loss processes on dust in east Asia. Mineral dust seems to be
the most important aerosol influencing ozone chemistry, but
it is not the only one. Research is ongoing in the field of
heterogeneous chemistry. Further measurements especially
in Africa and Asia are needed to understand the role of
mineral aerosols in atmospheric chemistry. In addition, the
investigation of further uptake mechanisms is important.
For example, in Central Africa where ozone precursors
originate from biomass burning sources the uptake of
volatile organic components could be of importance. In this
study it turned out that the areas of biomass burning in
Central Africa are of high importance for the heterogeneous
uptake on desert dust aerosols, implying that biomass
burning emissions mix with the dust aerosols. Furthermore
not much is known about the chemical products that are
formed on the aerosol surfaces and what role they may play
in atmospheric chemistry.
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